The reassortment of genome segments during mixed infection of Vero cells with bluetongue virus (BTV) serotypes 10 and 17 was investigated, using non-selective conditions for analysis of the progeny of mixed infections. Reassortment was found to be an early event in the BTV replication cycle, indicating that progeny BTV genomes undergo a single round of reassortment. Non-random segregation of individual genome segments was observed in crosses at equal multiplicity of infection, and was confirmed in crosses performed at unequal multiplicity. Asynchronous infections showed that superinfection exclusion resulted in the failure of the superinfecting virus to contribute genome segments to reassortants if the second virus followed the first by more than 4 h. The significance of these results for the evolution and epidemiology of BTV is discussed.
INTRODUCTION
Bluetongue virus (BTV) is the prototype of the genus Orbivirus within the family Reoviridae (Matthews, 1982) . Twenty-four BTV serotypes are recognized world-wide, and serotypes 2, 10, 1 I, 13 and 17 have been recovered in the United States (Barber, 1979; Gibbs et al., 1983) . The genome of BTV consists of 10 segments ofdsRNA (Verwoerd et al., 1970) that can be separated by electrophoresis into distinct electrophoretic patterns or electropherotypes. Electrophoretic polymorphisms have provided useful biochemical markers for the analysis of genetic reassortment in mixed infections with BTV, both in vitro and in vivo (Gorman et al., 1978; Kahlon et al., 1983; Samal, 1985; Samal et al., 1987 a, b; Stott et al., 1987; Oberst et al., 1987; A. El Hussein et al., unpublished data) .
The segmented nature of the genome provides BTV with the capability to assume new antigenic and biological phenotypes via reassortment of genome segments (Gorman et al., 1983; Beaty et al., 1988; Knudson & Monath, 1989) . Reassortment of genome segments has been demonstrated in vitro as well as in vivo in both the vertebrate and vector hosts (Gorman et al., 1978; Kahlon et al., 1983; Samal, 1985; Samal et al., 1987a, b; Stott et al., 1987; Oberst etal., 1987; A. El Hussein et al., unpublished data) . Thus, following mixed infection of single cells, either in culture or in the organism, reassortment has a high potential for the generation of new and unique genotypes and phenotypes. However, the constraints on reassortment in BTV have not been systematically examined, and an understanding of any constraints will be necessary for studies assessing the relative importance of reassortment in BTV evolution.
Prior studies of BTV reassortment in vitro have involved the use of temperature-sensitive mutant viruses and selective procedures (Shipham & De la Rey, 1976 , 1979 , have examined the ability of BTV to reassort, either with itself or other orbiviruses in studies of genetic relatedness (Gorman et al., 1978; Gonzalez, 1987) , or have been directed towards the mapping of specific viral phenotypes (Kahlon et al., 1983; Cowley & Gorman, 1987) . Here we report a more general examination of BTV reassortment in vitro, using wild-type strains of serotypes 10 and 17 and non-selective conditions for analysis of the progeny of mixed infections. (Ramig, 1982) , and supplemented with 5~ foetal bovine serum (FBS). After infection, cells were maintained in 1 x 199 containing 2~ FBS.
Wild-type BTV serotype 10 (strain BT-8) and serotype 17 (strain 262) were obtained from the Arthropod-Borne Animal Disease Research Laboratory, Laramie, Wyo., U.S.A. as infected sheep blood. The viruses were adapted and plaque-purified as described (Samal et al., 1987a, b) . All experiments were performed with virus within three passages of plaque purification. The serotypes and strains used were chosen because they allowed electropherotype determination for all segments except 1 and 3, which comigrated.
Infections of Vero cells. Mixed and single infections of Veto cells were performed by a modification of the procedure described by Ramig (1982) . Briefly, Veto cells were seeded into 2-dram, flat-bottom, screw-cap vials, and allowed to form monolayers (1 x 105 cells/vial). For simultaneous mixed infections, virus mixtures were prepared, the medium was removed from the vials, and 0.2 ml of virus mixture containing 2 x 106 p.f.u. (m.o.i. 10 each virus) was inoculated into each vial. Adsorption was allowed to proceed for 1 h at 34 °C, after which the inoculum was removed and 1.0 ml of 1 x 199 with 2~ FBS was added to each vial. The vials were incubated at 34 °C for the times indicated. For asynchronous infections, virus was prepared, medium was removed from the vials, and each vial was inoculated with 0.2 ml of the first virus (m.o.i. 10). Adsorption was allowed to proceed for 1 h at 34 °C after which the inoculum was removed and replaced with either 0.2 ml of the second virus inoculum or 1.0 ml 1 x 199 with 2~ FBS, and incubation at 34 °C continued. For vials in which the first and second viruses were separated by more than 1 h, the medium was removed at the appropriate time, and 0.2 ml of the second virus was added and allowed to adsorb for 1 h at 34 °C. After adsorption, the second inoculum was removed and each vial was fed with 1-0 ml 1 x 199 with 2~ FBS. Infected vials were incubated at 34 °C until 48 h post infection (p.i.) with the first virus. Infections were terminated by tightly capping the vials and freezing them at -70 °C.
Virus plaque assays. Vials of infected cells were thawed and the lysates briefly sonicated with a sterile probe-type sonicator to disrupt intact cells and virus aggregates. Serial dilutions of virus lysates were prepared in serum-free 1 x 199. Viral plaque assays for the titration of yields, and isolation of well separated progeny plaques were performed as described previously (Samal et al., 1987a, b) .
Isolation and characterization of progeny virus clones. At 6 days p.i., well isolated plaques were picked irrespective of size and morphology. Each progeny plaque was passaged twice, and the genome was labelled with [32p]orthophosphate. Electropherotypes were determined by electrophoresis and autoradiography as described (Samal et al., 1987a, b) . After electrophoresis, the origin of each genome segment was determined by comparison to parental markers that were run in the same gel (Fig. 1) . The parental origin of genome segments 1 and 3, which comigrated under the electrophoresis conditions used, could not be determined.
RESULTS

Kinetics of reassortment
The kinetics of reassortment during BTV infection was examined by electropherotype determination of progeny virus clones isolated at various times following mixed infection with an equal multiplicity of infection (10 p.f.u./cell) of BTV serotypes 10 and 17. Reassortment was an early event in the replication cycle, with reassortants first detected at 12 h p.i. and reaching near maximal levels by 18 h (Fig. 2 , Table 1 ). After maximal levels of reassortant progeny were attained, the frequency of reassortant progeny remained relatively constant indicating that progeny genomes undergo a single round of reassortment. The type 10 parent was underrepresented among the progeny of the cross, and at times the presence of T10 was evident only because it contributed segments to reassortants (Table 1) . Overall, 54 ~ of the progeny analysed were reassortants. Table 2 shows the segregation by parental origin of genome segments at the various times at which reassortants were isolated. At all times, except 48 h p.i., segments of type 10 parental origin were under-represented in the progeny (row totals), consistent with the underrepresentation of the type 10 parental electropherotype among the progeny at the same times. Examination of the segregation of individual genome segments over all times examined (Table  2 , column totals) revealed that most of the segments segregated relatively randomly, regardless of their parental origin. However, genome segment 8 was derived from the type 17 parent in a significantly greater proportion of the progeny than other segments at all time points. Segments 4 and 10 may have been derived from the type 10 parent with slightly greater than random frequency.
On: Sat, 08 Dec 2018 02:11:42 T17 UNTIO~ 1 2 3 T17 T17 5T10~, 6 7 8 9 10T10~, Fig. 1 . Electropherotypes of BTV serotypes 10 and 17, and progeny clones isolated 48 h after simultaneous infection. Progeny virus clones and the parental viruses were isolated and labelled with 32p and resolved in 6~ gels as described. Lanes 1 to 10 contain progeny clones, lanes labelled TI0 and T17 contain the parental viruses, and the lane labelled UN contains a labelled, uninfected cell lysate. The distance from segment 1 to segment 10 in the original gel was 23.5 cm.
Reassortment in infections at unequal multiplicity of infection
To determine whether the apparently preferential derivation of certain genome segments from one parent was an artefact due to the small sample size, reassortment was examined at unequal multiplicity of infection. The cross was performed with each virus as the minority or majority parent. When the yields were analysed for reassortment at 48 h p.i., the reassortment frequency was high and the majority parent was the parental electropherotype isolated with the greatest frequency (Table 3) . Examination of the parental origin of individual genome segments in the yields of these crosses revealed that the majority parent contributed the majority of the genome segments as expected (Table 4 , row totals). If the origin of the individual segments was examined for individual m.o.i, or in total (column totals), segment 8 was seen to be preferentially derived from the type 17 parent, even when type 17 was the minority in the cross. Likewise, segment 10 was preferentially derived from the type 10 parent, even when type 10 was the minority parent. In these crosses segment 4 segregation reflected the multiplicity ratio, suggesting that the non-random segregation of this segment seen in the earlier experiment was due to the small sample size. 
* Segments 1 and 3 could not be scored for parental origin under the electrophoresis conditions used. 
Reassortment in asynchronous infections
The arthropod-borne nature of BTV transmission suggests that the vertebrate host could become mixedly infected in asynchronous fashion or, alternatively, by sequentially feeding on different hosts the vector could become asynchronously mixedly infected. To examine the possibility that reassortment is affected by asynchrony of infection, and to determine whether interference occurs in asynchronous mixed infections with BTV as has been noted for other arboviruses, asynchronous mixed infections at equal multiplicity were analysed (Table 5) .
Reassortants were detected among the progeny of asynchronous infections when the first and second viruses were separated by 1, 2 or 4 h (Table 5) . However, if 8 h or more separated the first and the second virus, no reassortants were detected. In only one case was the second virus added detected among the progeny of the asynchronous mixed infection, and generally the second virus was detected only by its contribution of segments to reassortants. These results suggest that superinfection exclusion is initiated fairly rapidly in asynchronous infection.
DISCUSSION
The results reported hcrc define several constraints on the reassortmcnt of gcnornc segments during mixed infection of Vcro cells with BTV. Specifically, rcassortment is an early event in the viral life cycle, non-random segregation occurs for specific gcnomc segments, and supcrinfccting viruses arc excluded from genetic contribution to the outcome of a mixed infection if the supcrinfccting virus follows the first virus by more than 4 h. The potential consequences of these findings for the evolution and cpidcmiology of BTV arc considered below.
The study of the kinetics of rcassortmcnt following simultaneous mixed infection at equal multiplicity revealed that reassortmcnt occurs early in the BTV rcplicativc cycle. At the earliest time at which newly synthesized viral progeny wcrc detected (12 h) reassortants were also detected. The proportion of rcassortant progeny reached a plateau slightly earlier than the production of progeny virus, suggesting that each infectious rcassortant progeny virus had undergone a single round of rcassortmcnt. Rcassortment in mixed infections with BTV is also an early event in sheep where rcassortants were detected as early as I day following mixed infection (Samal et al., 1987a) and in the vector, Culicoides variipennis, where rcassortants were detected at the earliest time of extrinsic incubation examined, 5 days (A. El Husscin et al., unpublished data). This result was also similar to those reported for rcovirus (Fields, 1971) and rotavirus (Ramig, 1983) . Single rounds of rcassortment are consistent with what is known about the morphogcnesis of reoviruscs, where gathering of genome segments (rcassortmcnt) is one of the initial events in viral morphogcncsis.
Examination of the segregation of individual gcnomc segments in the crosses for the kinetic studies suggested that certain of the segments segregated parental origin non-randomly. Mixed infections performed at unequal multiplicity confirmed that the segregation of some segments was indeed non-random. Segment 8 was strongly biased towards a type 17 parental origin, even when type 17 was the minority parent. Similarly, segment 10 was biased towards a type 10 parental origin, cvcn when type I0 was the minority parent. The basis for the non-random segregation of these segments is not known, since all analyses were devoid of intentional selective pressures. A similar non-random segregation of segments 8 and 10 was observed in simultaneous and asynchronous mixed infections of C. variipennis (Samal et al., 1987b; A. El Husscin et al., unpublished data) . Segments 8 and 10 encode non-structural protein species NS2 and NS3/NS3A (8/8A), respectively (Grubman et al., 1983; Mertcns et al., 1984; van Dijk & Huismans, 1988) . The results obtained hcrc suggest that the non-random origin of these nonstructural proteins in rcassortants may reflect enhanced viability of viruses containing the combination of type I0 NS3/NS3A and type 17 NS2. However, since the non-random segregation of these segments was observed in both Vcro cells and the vector, the basis for the selection must not be host-specific.
The studies of asynchronous infection clearly showed that if infection with a second virus followed infection with the first by more than a few hours, the second virus was excluded from the yield of the cross and was genetically excluded from contribution of gcnome segments to the progeny of the mixed infection. This result was similar to that obtained in asynchronous infections of the vector, C. variipennis, where supcrinfccting viruses that followed the initial virus by 7 or more days were totally excluded from genetic contribution to the progeny (A. El Husscin et al., unpublished data) . The basis for the exclusion of the superinfccting virus is not known in either case. Supcrinfection exclusion (or interference) has bccn noted at the cellular level for many viruses. For example, vertebrate cells infected with Sindbis virus arc refractory to superinfcction with homologous virus (Johnston et al., 1974) , and mosquito cells infected with dengue virus arc resistant to supcrinfection with homologous and heterologous strains of dengue virus (Dittmar et al., 1982) . Interference has also been noted for other arboviruses in the case of asynchronous infection of the vector (Beaty et al., 1983; Sundin & Beaty, 1988) . In the retroviruses, where superinfection exclusion was thought to be mediated by surface expression of the viral glycoprotein (Steck & Rubin, 1966) , it has recently been shown that expression of the glycoprotein on the cell surface is not necessary for exclusion (Delwart & Panganiban, 1989) . Thus, the superinfection exclusion observed for BTV is not unique, and the absence of a membrane protein in BTV suggests that exclusion may be an intracellular event.
A characteristic feature of our studies of BTV reassortment in Vero cells was significant variation of reassortment frequencies and segregation ratios from infection to infection. Similar variation has been noted in studies of BTV reassortment in vivo in several host species (Samal, 1985; Samal et al., 1987a, b; Oberst et al., 1987; Stott et al., 1987; A. E1 Hussein et al., unpublished data). The basis for this variability is not understood, although the data presented here suggest possible explanations. (i) As shown in crosses performed at unequal multiplicity of infection (Table 4) , the parent entering the cross at higher multiplicity contributes the majority of genome segments to the progeny. Thus, errors in actual multiplicity from experiment to experiment could result in variability of segregation ratios and reassortment frequencies. (ii) The studies of the kinetics of reassortment (Table 1) showed variation in the frequency of reassortment. At any given time point, the reassortant progeny were dominated by one or a small number of reassortant genotypes (data not shown). This suggests that under the non-selective conditions used here, reassortants formed early in the replication cycle come to dominate the yield of that infection because they are amplified to a greater extent than reassortants formed late in infection. This amplification of early reassortants is consistent with the life cycle of the Reoviridae, where early packaged genomes can be transcribed and contribute to late replication events including their own amplification (Zarbl & Millward, 1983) . The randomness of reassortment of most genome segments would result in different genotypes coming to dominate each infection, and would contribute significantly to experimental variation in reassortment frequency and segregation ratios. Our results suggest that both mechanisms could contribute to the observed variation.
A second interesting feature of our mixed infections was the failure to isolate the type 10 parental genotype until late in the course of infection, although this parent contributed genome segments to reassortants at earlier times (Tables 1 and 5 ). This 'disappearance' of the type 10 parent until late in infection cannot be attributed to differences in the growth of type 10 and type 17, as both viruses have virtually identical one-step growth curves in Vero cells . The basis for this phenomenon is not understood, although it is clear that the type 10 parent is present and replicating since it is able to contribute genome segments to reassortants. A similar 'disappearance' of one parent has been noted for BTV mixed infections in vivo in a number of host species (Samal et al., 1987 a, b; Stott et al., 1987; A. E1 Hussein et al., unpublished data) .
Finally, these results may be relevant to the epidemiology of BTV infection. It is clear that simultaneous infection of cultured cells, the vertebrate host, or the vector leads to the formation of reassortant viruses with high frequency (Samal et al., 1987a, b; Stott et al., 1987; Oberst et al., 1987; this work) . However, the probability of single cells becoming mixedly infected within a short period of time, so that superinfection exclusion can be avoided, must be quite small in nature. The probability that a single vector fly or vertebrate host would become simultaneously infected in nature appears to be low since the frequency of mixedly infected animals is low (Oberst et al., 1985 ; Stott et al., 1982) . The phenomenon of superinfection exclusion may serve to limit the ability of either the vertebrate host or the vector to become productively mixedly infected so that the contribution of reassortment to BTV e'~olution may be limited to cases where the mixed infection occurs simultaneously, or nearly so. 
